Quiescence of myometrium contractile activity allows uterine expansion to accommodate the growing fetus and prevents preterm labor particularly during excessive uterine stretch in multiple pregnancy. However, the mechanisms regulating uterine response to stretch are unclear. We tested the hypothesis that prolonged uterine stretch is associated with decreased myometrium contractile activity via activation of TWIK-related K + channel (TREK-1). Pregnant women at different gestational age (preterm and term) and uterine stretch (singleton and twin pregnancy) were studied, and uterine strips were isolated for measurement of contractile activity and TREK-1 channel expression/activity. Both oxytocin-and KCl-induced contraction were reduced in term vs preterm pregnancy and in twin vs singleton pregnancy. Oxytocin contraction was reduced in uterine segments exposed to 8 g stretch compared to control tissues under 2 g basal tension. TREK-1 mRNA expression and protein levels were augmented in Singleton-Term vs Singleton-Preterm, and in uterine strips exposed to 8 g stretch. The TREK-1 activator arachidonic acid reduced oxytocin contraction in preterm and term, singleton and twin pregnant uterus. The TREK-1 blocker L-methionine enhanced oxytocin contraction in Singleton-Term and twin pregnant uterus, and reversed the decreases in contraction in uterine strips exposed to prolonged stretch. Carboprost-induced uterine contraction was also reduced by arachidonic acid and enhanced by L-methionine. Thus, myometrium contraction decreases with gestational age and uterine expansion in twin pregnancy. The results suggest that prolonged stretch enhances the expression/activity of TREK-1 channel, leading to decreased myometrium contractile activity and maintained healthy term pregnancy particularly in multiple pregnancy.
Quiescence of myometrium contractile activity allows uterine expansion to accommodate the growing fetus and prevents preterm labor particularly during excessive uterine stretch in multiple pregnancy. However, the mechanisms regulating uterine response to stretch are unclear. We tested the hypothesis that prolonged uterine stretch is associated with decreased myometrium contractile activity via activation of TWIK-related K + channel (TREK-1). Pregnant women at different gestational age (preterm and term) and uterine stretch (singleton and twin pregnancy) were studied, and uterine strips were isolated for measurement of contractile activity and TREK-1 channel expression/activity. Both oxytocin-and KCl-induced contraction were reduced in term vs preterm pregnancy and in twin vs singleton pregnancy. Oxytocin contraction was reduced in uterine segments exposed to 8 g stretch compared to control tissues under 2 g basal tension. TREK-1 mRNA expression and protein levels were augmented in Singleton-Term vs Singleton-Preterm, and in uterine strips exposed to 8 g stretch. The TREK-1 activator arachidonic acid reduced oxytocin contraction in preterm and term, singleton and twin pregnant uterus. The TREK-1 blocker L-methionine enhanced oxytocin contraction in Singleton-Term and twin pregnant uterus, and reversed the decreases in contraction in uterine strips exposed to prolonged stretch. Carboprost-induced uterine contraction was also reduced by arachidonic acid and enhanced by L-methionine. Thus, myometrium contraction decreases with gestational age and uterine expansion in twin pregnancy. The results suggest that prolonged stretch enhances the expression/activity of TREK-1 channel, leading to decreased myometrium contractile activity and maintained healthy term pregnancy particularly in multiple pregnancy.
Introduction
Rhythmic contraction and relaxation of the myometrium are important for the uterus to perform its function during menstruation, copulation, embryo implantation and pregnancy [1] [2] [3] . Successful natural and artificial embryo implantation requires adequate period of myometrium quiescence and reduced contractile activity. Normal pregnancy is also largely associated with uterine quiescence with occasional small rhythmic contractions, thus allowing adequate expansion of the uterus to accommodate the growing fetus and maintain healthy pregnancy to full-term [4] . Disruption of the uterine contraction/relaxation balance during pregnancy could cause preterm labor with serious consequences to mother and fetus particularly during multiple pregnancy [5] [6] [7] [8] , and thus makes it important to understand the mechanisms controlling myometrium contraction during pregnancy, at different stages of gestation, in singleton vs multiple pregnancy, and in response to prolonged stretch.
Oxytocin is a nonapeptide produced by the hypothalamus-pituitary, the corpus luteum [9, 10] , adrenal medulla [11] , and placenta [12] . Plasma levels of oxytocin are relatively low in the non-pregnant state, but show progressive increases starting at week 12 of gestation [13] . Oxytocin causes uterine contractions during the second and third stages of labor and promotes cervical dilation before birth. Uterine contraction is also regulated by various contractile proteins, regulatory enzymes, intracellular ions, and ion channels [14] . Uterine contraction is triggered by increases in intracellular Ca 2+ [15] [16] [17] , in part due to Ca 2+ entry through voltage-gated channels [18, 19] . On the other hand, smooth muscle relaxation is caused by decreases in intracellular Ca 2+ partly due to membrane hyperpolarization and activation of different types of potassium (K + ) channels [20] [21] [22] . A novel class of K + channels termed TWIK-related K + channel (TREK-1) has been identified in the human myometrium [23] [24] [25] [26] [27] [28] . TREK-1 channel activity can be modulated by both chemical and mechanical stimuli [29] [30] [31] . Polyunsaturated fatty acids such as arachidonic acid and agents that increase membrane tension activate TREK-1, while sulfur amino acids such as L-methionine inhibit TREK-1 channel [32] . Although the role of different K + channels in relaxation of vascular and gastrointestinal smooth muscle has been well-studied [20] [21] [22] , little is known regarding the role of TREK-1 in the regulation of myometrium contractile activity at different gestational ages, in term vs preterm pregnancy, in twin vs singleton pregnancy, and in response to uterine stretch. The objective of the present study was to test the hypothesis that prolonged uterine stretch is associated with altered myometrium contractile activity via changes in uterine TREK-1 channel. We used uterine segments from pregnant women at different gestational ages and with singleton or twin pregnancy to determine whether: 1) Myometrium contractile activity is altered by the gestational age (preterm vs term) and the degree of uterine expansion/stretch (singleton vs twin), 2) Changes in myometrium contractile activity with gestational age and type of pregnancy involve changes in uterine expression of TREK-1 channel, 3) Prolonged stretch of human myometrium is associated with reduced uterine contraction and increased expression of TREK-1, 4) Modulators of TREK-1 influence myometrial contraction at different gestational ages, in twin vs singleton pregnancy, and in response to uterine wall stretch.
Materials and methods

Ethics statement
The research protocol and procedures were reviewed and approved by the First Affiliated Hospital of Anhui Medical University Ethics Committee for the Protection of Human Subjects in Research and Tissue Collection (No. 20140268).
Tissue collection
Pregnant women 20-35 years old, not in labor, and undergoing elective lower segment caesarean section at the First Affiliated Hospital of Anhui Medical University, Hefei, China were recruited and provided informed consent in writing to participate in the study. The gestational age and maternal history were recorded (Table 1) . Patients underwent caesarean section because of suspected acute fetal hypoxia, as indicated by elevated umbilical arterial systolic/diastolic velocity ratio under Doppler ultrasound or no reactivity to nonstress tests, or because of patient-specific social reasons. None of the patients had any maternal complications or health factors such as hypertension, diabetes, infection, premature rupture of membrane, polyhydramnios, oligohydramnios or other comorbidities that could affect uterine function or the expression/activity of TREK-1 channels. Exclusion criteria included serious medical illness, anti-hypertensive medication, multiple pregnancy with more than two babies, and polyhydramnios or oligohydramnios. Singleton pregnant women were divided into SingletonPreterm (28 to < 37 gestational weeks) and Singleton-Term (37-42 gestational weeks). Twin pregnant women were divided into TwinPreterm (28 to < 37 gestational weeks) and Twin-Term (37-42 gestation weeks). Neonatal birth weight for singleton pregnancies and combined neonatal birth weight for twin pregnancies was recorded as an indicator of the extent of uterine expansion and to test if uterine contractile activity changes with the increases in uterine wall stretch [33] (Table 1) .
After safe delivery of the fetus and placenta through elective lower segment caesarean section, specimens were obtained from the edge of the lower uterine segment incision, immediately placed in Krebs solution, and transported to the laboratory in a thermal box. Uterine strips 7 × 3 mm in size were dissected for measurement of myometrium contraction. Because oxytocin is also synthesized within the decidual tissues immediately adjacent to the myometrium [34] , the decidua was removed from the myometrial strips prior to myographic assessment. Other uterine strips were cut into 3 mm × 3 mm × 3 mm segments in preparation for real-time quantitative PCR (qPCR) and Western blots.
Measurement of uterine contraction
Longitudinal strips of myometrium (7 mm × 3 mm) were dissected. Using silk string, one tie was made 1 mm from each end of the myometrium strip, leaving a functional 5 mm-long strip between two string loops. The myometrial strip was suspended in a water-jacketed tissue bath filled with 5 ml Krebs solution bubbled with 95% O 2 5% CO 2 at 37°C. One end of the uterine strip was attached via the string loop to a fixed glass hook at the bottom of the tissue bath, and the other end was connected to a force transducer (Beijing SIA Industrial Electronics Co., Beijing, China). Preliminary tension-contraction curves using uterine strips under increasing basal tension 0.5, 1, 2, 3, 4, 5, 6, 7 and 8, maintained under each basal tension for 30 min, then stimulated with 96 mM KCl, demonstrated maximal KCl contraction at 2 g basal tension, no significant change in KCl contraction at 2 to 7 g basal tension, and a decrease in KCl contraction at 8 g stretch. Macroscopical examination did not show any slippage of the string ties, or damage or tear in any of the uterine strips tested, and the strip's functional length (5 mm) was not different in tissues under 2 g basal tension compared with tissues under 8 g stretch, suggesting structural integrity of the strips. Also, our histological examination of hematoxylin and eosin stained tissue sections showed intact smooth muscle layer in smooth muscle preparations exposed to control 2 g compared with tissues exposed to 8 g stretch [35] , supporting structural integrity under these conditions. Furthermore, the decline in contraction in uterine strips under 8 g stretch was completely reversed and even enhanced in tissues treated with the TREK-1 channel blocker L-methionine, supporting functional integrity of the tissues under stretch. Therefore, in most experiments, myometrium strips from different groups were equilibrated under control 2 g basal tension for 1 h. In order to test the effects of prolonged stretch on contractile function and TREK-1 channel expression, in some experiments the uterine strips were equilibrated under 8 g stretch as compared to control 2 g basal tension for 16 h in tissue culture medium, then the bathing solution was changed to Krebs solution. Uterine strips were stimulated twice with 96 mM KCl, and each control KCl contraction was followed by three washes in Krebs, 5 min each. The uterine strips were then stimulated with increasing concentrations of oxytocin (10 −12 to 10 −7 M) and the contractile response was recorded. At the end of the experiment, each uterine strip was further examined under microscope to ensure lack of damage or tear, the strip was cut at the string ties, and the weight of the tissue between the ties was recorded. Under resting conditions, the uterine strips showed an oscillatory behavior comprising phasic contractions that spontaneously returned all the way back to baseline. The uterine oscillations increased in frequency and amplitude with increasing oxytocin concentrations, and the phasic contraction did not return all the way back to the baseline leaving a small steady contraction above the baseline (for simplicity will be termed maintained contraction). The distance between the baseline and the maintained response was measured and translated into uterine contraction in grams using a calibration bar [36] . The maintained contraction was normalized to the weight of the myometrium strip and presented as gram per gram tissue weight. Because the phasic contractile response showed significant variability in frequency and amplitude, the total area under the curve (AUC, R1640 data analysis system, Chengdu, China) was measured. AUC was measured at time 0 and was subtracted from AUC measured after 5 min of application of each oxytocin concentration. The AUC representing total contraction was also normalized to the weight of the myometrium strip and presented as AUC per gram tissue weight.
To determine whether the differences in contraction between uterine strips involve TREK-1, uterine strips of all groups were prestimulated with oxytocin (10 
Real-time quantitative PCR (qPCR)
RNA was isolated from the uterine strips using TRIzol (Shanghai Pufei Biotech Co., Shanghai, China). Total RNA (2 µg) was used for RT to synthesize single-strand complimentary DNA (cDNA) in 25 µl reaction mixture following the instructions for the First-Strand cDNA Synthesis Kit (Beyotime Biotechnology, Jiangsu, China). Next, 1 µl of the cDNA dilution (1:20 for TREK-1 and GAPDH) of the RT product was applied to 20 µl of RT-PCR reaction mixture. Quantification of gene expression was performed using a real-time RT-PCR machine (model MX3000p, Agilent, Santa Clara, CA, USA), published oligonucleotide primers for TREK-1 (Shanghai GeneChem Co., Shanghai, China), and SYBR Master Mixture (Bio-Rad, Hercules, CA, USA), which employs the fluorescein compound SYBR-Green for amplicon detection (TAKARA). GAPDH primer was included in the RT-PCR reaction as internal standard to normalize the results. The following primers were used:
reverse, 5′-TCCCAGTAAGGCATAGATGA-3′. GAPDH: forward, 5′-TGACTTCAACAGCGACACCCA-3′;
reverse, 5′-CACCCTGTTGCTGTAGCCAAA-3′.
PCR was carried out with one cycle for 10 min at 95°C and then 40 cycles of 30 s of denaturation at 95°C, 45 s of annealing at 59°C, and 30 s of extension at 72°C, followed by 1 min of final extension at 95°C. The number of PCR cycles varied according to the expression level of the target gene. An appropriate primer concentration and number of cycles was determined to ensure that the PCR was taking place in the linear range and thereby guarantees a proportional relationship between input RNA and the cycles readout. The relative gene expression was calculated by comparison of cycle thresholds with the housekeeping gene GAPDH.
Western blot analysis
Uterine strips were homogenized by RIPA lysis buffer (Beyotime Biotechnology). The homogenate was centrifuged at 10,000g for 5 min. The supernatant was collected, and protein concentration was determined using BCA protein assay kit (Beyotime Biotechnology). Tissue homogenate was subjected to electrophoresis on 10% SDS polyacrylamide gel and then transferred electrophoretically to PVDF membranes (MilliporeSigma, Burlington, MA, USA). The membranes were incubated in 5% dried nonfat milk in PBS-Tween buffer for 1 h to block nonspecific sites, and then in the primary antibody solution containing TREK-1 (1:1000) rabbit polyclonal antibody (Sigma-Aldrich, St. Louis, MO, USA) at 4°C for 24 h. GAPDH was used as an internal control and detected by a monoclonal antibody (1:500,000, Sigma). The PVDF membranes were washed in PBS-Tween three times for 10 min each then incubated in horseradish peroxidase conjugated secondary antibody (1:5000) for 1.5 h. The membrane blots were washed with PBS-Tween and visualized with enhanced chemiluminescence (ECL). The reactive band corresponding to TREK-1 was analyzed by optical densitometry and ImageJ software (NIH). The densitometry value represented the pixel intensity was normalized to GAPDH to correct for loading.
Solutions and drugs
Normal Krebs solution contained (in mM): 120 NaCl, 5.9 KCl, 25 NaHCO 3 , 1.2 NaH 2 PO 4 , 11.5 dextrose, 2. was less than 0.1% and had no effect on uterine contraction. The tissue culture medium used for prolonged incubation of the uterine strips for 16 h was composed of Minimum Essential Medium supplemented with penicillin, streptomycin, and amphotericin B (Gibco/Invitrogen, Grand Data are presented as means ± SEM, n = 10-16 subjects. * Significantly different (P < 0.05) from Singleton-Preterm. # Significantly different (P < 0.05) from Singleton-Term. † Significantly different (P < 0.05) from Twin-Preterm.
Island, NY). All other chemicals were of reagent grade or better.
Statistical analysis
Data were analyzed and presented as means ± SEM, with "n" representing the number of subjects per group. For uterine contraction experiments, individual concentration-contraction curves were constructed, sigmoidal curves were fitted to the data using the least squares method, and the EC 50 values were measured using Prism (v.5.01; GraphPad Software, San Diego, CA). Data were first analyzed using ANOVA with multiple classification criteria [patient group (preterm vs term, singleton vs twin), tissue stretch (control 2 g basal tension vs 8 g stretch), tissue treatment (treated with arachidonic acid or L-methionine vs nontreated control tissues). When a statistical difference was observed, the data were further analyzed using Bonferroni's post-hoc test for multiple comparisons. Student's unpaired t-test was used for comparison of two means. Differences were considered statistically significant if P < 0.05.
Results
Neonatal birth weight as an estimate of uterine expansion
We used neonatal birth weight as an estimate of uterine expansion and an indicator of relative uterine stretch at different stages of pregnancy and in singleton vs twin pregnancies. Neonatal birth weight and consequently uterine wall stretch appeared to be increased in term vs preterm pregnancies. Among singleton pregnancies, neonatal birth weight was greater in term vs preterm pregnancies. Similarly among twin pregnancies, neonatal birth weight was significantly increased in term vs preterm pregnancies. Neonatal birth weight also appeared to be increased in twin vs singleton pregnancies. Among preterm-pregnancies, neonatal birth weight was greater in twin vs singleton pregnancies. Similarly, among term pregnancies, neonatal birth weight was greater in twin vs singleton pregnancies. Collectively, neonatal birth weight was in Twin-Term > Twin-Preterm > Singleton-Term > SingletonPreterm pregnancies (Table 1) .
Oxytocin-induced contraction in preterm vs term and in twin vs singleton pregnancy
In isolated uterine strips, oxytocin caused an increase in the frequency and amplitude of uterine contraction that did not return back to the baseline, leaving a measurable maintained response above baseline (Fig. 1A) . Because of the variability of the contractile response in different uterine strips, the maintained contraction was normalized to the uterine strip weight and presented in g/g tissue weight as previously described [36] . In uterine strips from the four groups of women, oxytocin caused concentration-dependent increase in the maintained contraction that reached a maximum at 10 −7 M (Fig. 1B) . The oxytocininduced maintained contraction was reduced in term versus preterm pregnancies. Among singleton pregnancies, oxytocin-induced contraction was significantly reduced in uterine strips from term compared to preterm pregnancies. Similarly among twin pregnancies, oxytocin-induced contraction was significantly reduced in uterine strips from term compared to preterm pregnancies. Oxytocin-induced contraction was also reduced in twin vs singleton pregnancies. Among preterm-pregnancies, oxytocin-induced contraction was reduced in twin vs singleton pregnancies. Similarly, among term-pregnancies, oxytocin-induced maintained contraction was reduced in twin compared to singleton pregnancies. Collectively, oxytocin-induced uterine maintained contraction was in Singleton-Preterm > Singleton-Term > Twin-Preterm > Twin-Term pregnancies (Fig. 1B) . When the oxytocin-induced maintained contraction was presented as % of maximum, the oxytocin EC 50 was not significantly different among the different groups (Fig. 1C , Table 2 ).
To account for the increased amplitude and frequency of the oscillatory uterine contractile response and to assess the changes in total uterine contraction, the oxytocin-induced changes in AUC was measured in uterine strips from the different patient groups. In uterine strips from the four patient groups, oxytocin caused concentration-dependent increase in AUC that reached a maximum at ∼10 −8 M, then started to decline (Fig. 1D) . Among singleton pregnancies, oxytocininduced AUC was significantly reduced in uterine strips from term compared to preterm pregnancies. Among twin pregnancies, oxytocininduced AUC was insignificantly reduced in uterine strips from term compared with preterm pregnancies. Among preterm-pregnancies, oxytocin-induced contraction was reduced in twin vs singleton pregnancies. Oxytocin-induced contraction was also reduced in Twin-Term vs Singleton-Term pregnancies. Collectively, oxytocin-induced total uterine contraction was in Singleton-Preterm > SingletonTerm = Twin-Preterm > Twin-Term pregnancies (Fig. 1D) . When the oxytocin-induced total contraction was presented as % of maximum, the oxytocin-induced concentration-response curve was slightly shifted to the left and the EC 50 was less in Twin-Term compared to the other groups, but collectively the EC 50 was not significantly different among the different groups (Fig. 1E, Table 2 ).
KCl-induced contraction in preterm vs term and in twin vs singleton pregnancy
High KCl (96 mM) is known to cause membrane depolarization and to stimulate Ca 2+ influx through voltage-gated channels [37] . KCl (96 mM) caused an initial followed by steady-state contraction in uterine strips of the different groups (Fig. 2) . No oscillatory phasic contraction could be observed during stimulation with KCl. KCl contraction was reduced in term vs preterm pregnancies. Among singleton pregnancies, KCl contraction was significantly reduced in uterine strips from term compared to preterm pregnancies. Similarly among twin pregnancies, KCl contraction was reduced in uterine strips from term compared to preterm pregnancies. Among term pregnancies, KCl-induced contraction was reduced in twin compared to singleton pregnancies. Collectively, KCl-induced uterine contraction was in SingletonPreterm > Singleton-Term = Twin-Preterm > Twin-Term pregnancies (Fig. 2) .
Effect of prolonged stretch on uterine contraction
To further test for a possible relationship between uterine stretch and the observed decrease in uterine contraction in term vs preterm, we tested the effects of prolonged stretch on oxytocin-induced contraction in uterine strips. In uterine strips from Singleton-Preterm pregnancies, oxytocin-induced contraction was reduced in uterine strips under prolonged 8 g stretch compared to control tissues under control 2 g basal tension (Fig. 3A) . Cumulative data suggest that both the oxytocin-induced maintained contraction in g/g tissue and total contraction in AUC/g tissue were significantly reduced in tissues under 8 g stretch compared to control tissues under 2 g basal tension (Fig. 3B, D) . When the oxytocin-induced maintained contraction was presented as % of maximum, the concentration-response curve and oxytocin EC 50 were not different in tissues under 8 g stretch compared with control tissues under 2 g basal tension (Fig. 3C, Table 2 ). When the oxytocin-induced total AUC contraction was presented as % of maximum, the concentration-response curve was shifted to the left and the oxytocin EC 50 was less in uterine strips from Singleton-Preterm pregnancies under 8 g stretch compared to control tissues under 2 g basal tension; however, the difference did not reach statistical significance (Fig. 3E, Table 2 ).
Uterine TREK-1 expression in term vs preterm and in twin vs singleton pregnancies
Biochemical experiments using qPCR revealed detectable TREK-1
mRNA expression (Fig. 4A) , and Western blot analysis revealed a detectable band at 47 kDa corresponding to TREK-1 in uterine strips of the different patient groups (Fig. 4B) . PCR analysis revealed that TREK-1 mRNA expression was significantly increased in Singleton-Term compared to Singleton-Preterm pregnant women (Fig. 4A) . TREK-1 mRNA expression was significantly decreased in Twin-Preterm vs SingletonTerm pregnancies, and in Twin-Term compared to Singleton-Preterm, Singleton-Term and Twin-Preterm pregnant uterus (Fig. 4A) . Western blot analysis revealed that TREK-1 protein levels were significantly increased in Singleton-Term compared to Singleton-Preterm pregnant women (Fig. 4B) . TREK-1 protein levels were not significantly different in Twin-Preterm vs Singleton-Preterm, insignificantly decreased in Fig. 1 . Effect of gestational age and pregnancy type on oxytocin-induced uterine contraction. Uterine strips from Singleton-Preterm, Singleton-Term, Twin-Preterm and Twin-Term pregnant subjects were incubated in normal Krebs solution. The uterine strips were stimulated with oxytocin (10 −12 to 10 −7 M) and the maintained contraction (in grams) and total contractile response (in AUC) were measured (A). Cumulative oxytocin concentration-contraction curves from uterine strips of different groups were constructed. To correct for differences in the size of uterine segments, maintained contraction was normalized and presented in g/g tissue weight (B), or as % of maximum contraction (C). Because of the variability in the frequency and amplitude of the phasic contractile response, the total contraction area under the curve (AUC) was calculated and presented as AUC/g tissue weight (D) or as % of maximum contractile response (E). Data are presented as means ± SEM, n = 7 to 9 subjects. * Significantly different (P < 0.05) from Singleton-Preterm. # Significantly different (P < 0.05) from Singleton-Term. † Significantly different (P < 0.05) from Twin-Preterm.
Twin-Preterm vs Singleton-Term, significantly decreased in Twin-Term compared to Singleton-Term, and insignificantly decreased in TwinTerm vs Twin-Preterm pregnant uterus (Fig. 4B ).
Effect of prolonged uterine stretch on TREK-1 expression
PCR analysis revealed that TREK-1 mRNA expression was increased in uterine strips of Singleton-Preterm pregnant uterus under 8 g stretch compared to control tissues under 2 g basal tension (Fig. 5A) . Also, Western blot analysis revealed more prominent immunoreactive band and increases in TREK-1 protein levels in uterine strips of SingletonPreterm pregnancies under prolonged 8 g stretch compared to control tissues under 2 g basal tension (Fig. 5B) .
Effect of TREK-1 modulators on oxytocin-induced uterine contraction
In uterine strips from Singleton-Preterm, Singleton-Term, TwinPreterm, and Twin-Term pregnancies and precontracted with oxytocin (10 −7 M), treatment with the vehicle was associated with a slight timedependent decline in the AUC representing total uterine contraction, and treatment with modulators of TREK-1 appeared to further modulate oxytocin contraction (Fig. 6A) . Cumulative data revealed that the TREK-1 activator arachidonic acid (10 −5 M) caused further decline in the AUC representing total contraction of uterine strips of the four patient groups (Fig. 6B, C, D, E) . In contrast, treatment with the TREK-1 blocker L-methionine (1 mM) minimized the decline in uterine contraction in the four patient groups, and the uterine contraction appeared to be steadier with time in Singleton-Preterm (Fig. 6B) and Singleton-Term pregnant uterus (Fig. 6C) . Treatment with TREK-1 blocker L-methionine significantly enhanced oxytocin contraction in Twin-Preterm (Fig. 6D) and Twin-Term pregnant uterus (Fig. 6E) , suggesting functionality of the uterine TREK-1 channel and its responsiveness to both activators and blockers.
Effect of TREK-1 modulators on carboprost-induced uterine contraction
To rule out possible direct interaction of TREK-1 modulators with oxytocin or the oxytocin receptor, we tested their effects on other stimulants of uterine contraction, namely the prostaglandin analogue carboprost tromethamine. In uterine strips of Singleton-Term pregnancies and precontracted with carboprost tromethamine (3 × 10 −4 M), the TREK-1 activator arachidonic acid (10 −5 M) caused significant decrease of total uterine contraction. In contrast, the TREK-1 blocker L-methionine (1 mM) enhanced the uterine contraction to carboprost tromethamine (Fig. 7) .
Effect TREK-1 blockade on uterine strips exposed to prolonged stretch
In uterine strips from Singleton-Preterm pregnancies and exposed to control 2 g basal tension, oxytocin (10 −7 M) caused significant contraction that showed some decline over 15 min duration. In uterine strips from Singleton-Preterm pregnancies and exposed to prolonged 8 g stretch, oxytocin-induced total contraction was significantly reduced. In uterine strips from Singleton-Preterm pregnancies exposed to 8 g stretch and treated with the TREK-1 blocker L-methionine, oxytocininduced contraction was restored and even enhanced above control levels (Fig. 8) .
Discussion
The present study in uteri from pregnant women showed that: 1) Uterine contraction is reduced in term compared to preterm and in twin compared to singleton pregnancies. 2) Uterine contraction is reduced during prolonged stretch of the uterine wall. 3) TREK-1 channel is upregulated in Singleton-Term compared to Singleton-Preterm pregnancies, and in response to prolonged stretch. 4) TREK-1 activation reduces uterine contraction, and TREK-1 blockade improves uterine contraction particularly during exposure to prolonged stretch.
Regulation of uterine contraction is critical for normal healthy pregnancy, and safe and uncomplicated labor. During the course of pregnancy, uterine expansion increases progressively and proportionately to fetal growth and the increases in fetal size. In full-term pregnancy, uterine stretch imposed by the fully-developed fetus reaches a threshold level that initiates labor. Studies have suggested that during normal labor, threshold increases in uterine wall stretch could increase myometrial expression of oxytocin receptors, and in turn increases oxytocin-induced uterine contraction [38, 39] . Other studies have suggested that during the final stages of pregnancy, threshold increases in uterine stretch cause upregulation of contraction-associated proteins (CAPs) that could also play a role in the induction of labor [40] [41] [42] [43] [44] . While adequate uterine contraction could be beneficial during normal labor, excessive uterine contraction could be detrimental during the Oxytocin maintained contraction (in grams) and total contraction (in AUC) was measured as % of maximum contraction and pEC 50 (−log EC 50 ) was calculated. Data are presented as means ± SEM, n = 7-9. Uterine strips were under 2 g basal tension unless indicated otherwise. course of pregnancy and could lead to abortion or premature labor. Therefore, the uterus is thought to be equipped with adaptive mechanisms that allow it to relax and expand in response to moderate and gradual stretch so that it can accommodate the growing fetus. We hypothesized that the uterine contractile response could be influenced by the size of the pregnant uterus and consequent stretch of the uterine wall pre-birth. Our hypothesis predicted that the size of the uterus and consequently uterine wall stretch would be dependent on gestational age, with uterine wall stretch being greater in term compared to preterm pregnancies. The type of pregnancy (singleton vs twin) could also be a contributing factor, and during twin pregnancies the myometrium is predicted to be exposed to greater stretch due to the excessive distension caused by the second fetus [45] . The present study demonstrated differences in myometrial contractile response in singleton and twin pregnancies at different gestational ages, and these differences appear to be related to uterine wall stretch because: 1) Neonatal birth weight was greater in term vs preterm and in twin vs singleton pregnancies. 2) Oxytocin-induced contraction (analyzed by two different methods in grams and AUC) was reduced in term compared to preterm pregnancy regardless of whether it was singleton or twin pregnancy. 3) Oxytocin-induced contraction was reduced in twin compared to singleton pregnancy regardless of whether it was term or preterm pregnancy. 4) Oxytocin-induced contraction was reduced in uterine strips of Singleton-Preterm pregnancies exposed to prolonged 8 g stretch compared to control tissues under 2 g basal tension. These observations in human uterus are consistent with our previous observations of reduced oxytocin-induced contraction in late pregnant rat uterus, and in virgin rat uterus exposed to prolonged stretch [36] . Collectively these data support a relationship between uterine wall stretch and reduced uterine contraction during the course of pregnancy in order to accommodate the growing fetus. Previous studies have predicted increases in the uterine contractile response to oxytocin during the final stages of pregnancy and in preparation for natural labor [33, 38, 39] . This is different from the present study which was performed in women with elective cesarean section, and where oxytocin levels may still be at subthreshold levels not sufficient to induce natural labor. Importantly, the observed decrease in uterine contraction was not specific to oxytocin or oxytocin receptor, as the contraction to membrane depolarization by high KCl solution was also reduced in term vs preterm pregnancies and in twin vs singleton pregnancies. Also, contraction to oxytocin was reduced in uterine strips exposed to prolonged 8 g stretch compared to control tissues under 2 g basal tension. Furthermore, the reduced uterine contraction to oxytocin in term vs preterm pregnancies, in twin vs singleton pregnancies, and in response to uterine stretch does not appear to be due to changes in the sensitivity of oxytocin receptors, as the oxytocin EC 50 was not different among the different groups and was not significantly altered by stretch. Therefore, the observed reduction in uterine contraction to various agonists in term vs preterm pregnancies, in twin vs singleton pregnancies, and in response to uterine stretch is more likely due to changes in downstream post-receptor mechanisms of uterine smooth muscle contraction and possible changes in the expression/activity of contraction-associated proteins (CAPs). Fig. 4 . Changes in TREK-1 mRNA expression and protein levels with gestational age and pregnancy type. Uterine tissue homogenate from Singleton-Preterm, Singleton-Term, Twin-Preterm and Twin-Term pregnant women were prepared for q-PCR analysis and TREK-1 mRNA expression was measured relative to the Singleton-Preterm group (A). Tissue homogenate was also prepared for measurement of TREK-1 protein levels using Western blots and antibody to TREK-1 (1:1000). The intensity of the immunoreactive band corresponding to TREK-1 was analyzed using optical densiometry, and normalized to the housekeeping protein GAPDH (B). Data are presented as means ± SEM, n = 6-8. * Significantly different (P < 0.05) from Singleton-Preterm. # Significantly different (P < 0.05) from Singleton-Term. † Significantly different (P < 0.05) from Twin-Preterm. Fig. 5 . Effect of prolonged uterine stretch on TREK-1 expression. Uterine strips from Singleton-Preterm pregnancies were placed under control 2 g basal tension or prolonged 8 g stretch for 16 h. The tissues were homogenized and prepared for measurement of TREK-1 mRNA using qPCR (A). Other tissues were homogenized and prepared for Western blots using TREK-1 antibody (1:1000). The intensity of the immunoreactive band corresponding to TREK-1 was analyzed using optical densiometry, and normalized to the housekeeping protein GAPDH (B). Data are presented as means ± SEM, n = 6-8. * P < 0.05, 8 g stretch vs. control 2 g basal tension.
In search for the molecular mechanisms that could cause the reduced uterine contraction in term and twin pregnancies and in response to prolonged stretch, we have previously shown that the expression/ activity of matrix metalloproteinases MMP-2 and MMP-9 are increased during the course of pregnancy in rats, and in late pregnant compared with mid-pregnant and virgin rats [46] . We have also shown that MMP inhibitors improve uterine contraction in uterine strips of late pregnant rats [36] . Also, prolonged stretch of the rat uterus was associated with increased expression/activity of MMP-2 and MMP-9 [36] . Similar increases in MMP expression/activity in response to prolonged stretch have also been observed in small microvessels of the skeletal muscle [47] , and smooth muscle of the rat inferior vena cava [35] . MMPs are largely known for their role in tissue remodeling and degradation of extracellular matrix proteins [35, 48] . We and others have recently shown other novel effects of MMPs on cell surface receptors and signaling molecules [48, 49] . Specifically, we have shown that MMP-2 could induce relaxation of rat inferior vena cava via hyperpolarization and activation of large conductance Ca 2+ -activated K + channels [50] .
These observations made it important to test the potential role of K + channels in the pregnancy-associated and stretch-related reduction in uterine contraction. [20] [21] [22] 51, 52] . The TREK-1 channel belongs to two-pore K + channels (K 2P ), which are largely expressed in visceral smooth muscle [27] . Studies have suggested that TREK-1 is a class of CAPs that is expressed in human myometrium particularly during pregnancy [23, 28] . Based on the topology of the K + channel subunits, these K 2P channels are thought to maintain background outward K + current and resting membrane potential and thereby counterbalance membrane depolarization and muscle contraction [29] [30] [31] . We tested whether the pregnancy-associated and stretch-related reduction in uterine contraction reflect changes in TREK-1 expression/activity. We found that the mRNA expression and protein levels of TREK-1 were enhanced in Singleton-Term compared with Singleton-Preterm pregnancies. This is consistent with previous reports that TREK-1 is up-regulated in the human myometrium during pregnancy [23] [24] [25] [26] [27] . The increases in TREK-1 expression appear to be related to stretch, as the mRNA expression and protein levels were increased in Singleton-Preterm uterus under prolonged 8 g stretch compared to control tissues under 2 g basal tension. However, the mRNA expression and protein levels of TREK-1 appeared to decrease in Twin-Term compared to Singleton-Term and Twin-Preterm pregnancies. The causes of these decreases are unclear, but it is possible that during Twin-Term pregnancies the uterus may have reached a critical size, and a decrease in the relaxing TREK-1 channels may be needed in preparation for parturition. This is supported by reports that TREK-1 may play a role in the differences in uterine contraction in multiple vs singleton pregnancy [33] . Thus while the expression of TREK-1 may increase during most of the gestational period, it may abruptly decrease during the intrapartum period. In other words, the increased TREK-1 expression may help to stabilize the membrane potential and reduce uterine excitability during the course of pregnancy, while a decrease in TREK-1 expression may increase uterine excitability during imminent labor. Another possible explanation is that modulation of TREK-1 with stretch involves not only changes in its expression but also its activity, and an exaggerated TREK-1 activity during Twin-Term pregnancies may prompt a feed-back mechanism to reduce its mRNA expression and protein levels. Future experiments should further assess TREK-1 activity at different stages of pregnancy and in response to different degrees of stretch. In addition to changes in TREK-1 expression, the present data suggest that TREK-1 function is influenced by gestational age and type of pregnancy as well as in response to stretch because: 1) The TREK-1 activator arachidonic acid further decreased oxytocin-induced myometrial contraction in both preterm and term pregnancies and in singleton and twin pregnancies.
2) The effects of arachidonic acid are not due direct interaction with oxytocin or oxytocin receptor, as arachidonic acid also reduced uterine contraction to the synthetic prostaglandin F 2α analogue carboprost tromethamine.
3) The TREK-1 inhibitor L-methionine enhanced oxytocin-induced contraction. The reversal of inhibition of myometrial contraction by L-methionine was more pronounced in Twin-Preterm and Twin-Term pregnancies compared to Singleton-Preterm and Singleton-Term pregnancies, suggesting greater TREK-1 activity that causes greater reduction in uterine contraction in twin compared to singleton pregnancies. 4) The effects of Lmethionine are not due direct interaction with oxytocin or oxytocin receptor, as L-methionine also enhanced uterine contraction to carboprost. 5) The decreased contraction in uterine strips from SingletonPreterm pregnancy and exposed to prolonged stretch was reversed and the contraction was even enhanced in tissues treated with the TREK-1 inhibitor L-methionine, supporting up-regulation of TREK-1 expression/ activity in response to stretch. We should note that stretch of smooth muscle tissues such as the myometrium could affect the actin cytoskeleton and focal adhesion sites, potentially altering the sensitivity of TREK-1 channels to stretch and the myometrial contractile activity. While reciprocal regulation of the uterine cytoskeleton and TREK-1 channels by stretch can not be ruled out, the L-methionine-induced improved contraction in uterine strips exposed to prolonged stretch supports functional integrity of the stretched tissues, and argues against potential damage to the uterine strips under stretch.
Consistent with previous reports in the rat uterus [19, 39] , the present study demonstrates that oxytocin increased the contractile response in the human uterus. On the other hand, activation of K + channels and outward K + efflux would lead to membrane repolarization, and inhibition of Ca 2+ influx through voltage-gated channels. In support, we have previously shown that MMP-2 causes hyperpolarization and reduction in Ca 2+ influx in rat inferior vena cava [50, 53] . Whether the observed pregnancy-associated and stretch-related changes in uterine contraction and TREK-1 channels involve parallel changes in uterine [Ca 2+ ] i and Ca 2+ regulatory mechanisms should be examined in future experiments. Also, whether the stretch-related changes in TREK-1 channels are reversible with the decrease in uterine stretch during the postpartum period needs to be examined.
In conclusion, the present data support the concept that contraction of the human myometrium is influenced by gestation age and type of pregnancy, and that the changes of uterine contraction involve changes in expression/activity of TREK-1 channels in response to uterine wall stretch. The present data could have important clinical implications as the differences in the uterine contractile response and TREK-1 expression/activity in preterm vs term and in singleton vs twin pregnancies may explain the inability of current tocolytic regimens to delay labor in certain pregnancies. Preterm delivery complicates 10-15% of all pregnancies, and is a leading cause of perinatal morbidity and death [5] . The incidence of premature labor increases during multiple pregnancy, and approximately 50% of multiple births occur prematurely, with twins being delivered on average three weeks earlier than singletons, and the fetus in twin pregnancy weighing approximately 1 kg less than that in singleton pregnancy [6] [7] [8] . Modulators of TREK-1 channels could be useful in prolonging gestation and reducing uterine contraction in subjects prone to premature labor and during multiple pregnancy.
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